The protein-tyrosine kinase Src was first described more than 20 years ago. It is the prototype for a group of nonreceptor tyrosine kinases, the Src family. Some members of this family are restricted in their expression to hematopoietic cells, whereas others (Src, Fyn, and Yes) are more ubiquitously expressed. SFKs 1 help to transduce signals from a variety of cell surface receptors during proliferative and immune responses.
They are also frequently activated as cells enter mitosis, rearrange their cytoskeleton, or become motile (1) (2) (3) . Thus, they are involved in a diverse array of physiological processes.
Much of the understanding of SFK function comes from analyses of fibroblasts in culture. These studies established that SFKs participate in the mitogenic response elicited by several peptide growth factors, including epidermal growth factor (EGF) and PDGF (4) . SFKs become activated when fibroblasts are stimulated with PDGF, whose receptor is itself a tyrosine kinase (5) , and associate with the PDGF receptor (PDGF-R) (6, 7) . SFKs are required for PDGF to stimulate mitogenesis in NIH3T3 cells (8, 9) . Our laboratory has recently focused on the growth factor-stimulated production of Myc, a transcription factor required for efficient cell cycle transit. Previous work demonstrated that the block to PDGF-stimulated DNA synthesis caused by dominant negative SFKs could be overcome by expression of Myc (10) . Another transcription factor, Fos, was unable to rescue this block. Furthermore, Myc could not overcome the block caused by dominant negative Ras. Together, these data suggested that PDGF stimulation results in the initiation of a discrete SFK signal transduction pathway, distinct from the classical Ras-MAPK pathway, which culminates in Myc production. The subsequent characterization and use of SU6656, an SFK inhibitor, confirmed that myc mRNA was in large part under SFK control (9) . These studies have suggested that different PDGF effectors might each control a discrete subset of the response of the cell to PDGF. However, one study reported that activation of PDGF-R led to enhanced expression of a set of immediate early genes, and that PDGF-R mutants lacking binding sites for individual signaling effectors (including Ras-GAP or PI3K) failed to block expression of any of these genes (11) . These data suggested a lack of specificity in PDGF-R signaling. We decided to address this issue by using a different approach: analyzing global patterns of gene expression in quiescent fibroblasts stimulated with PDGF in the presence or absence of various small molecule inhibitors. These studies are reported here.
EXPERIMENTAL PROCEDURES
Cell Line and Reagents-NIH3T3 fibroblast cells were maintained in Dulbecco's modified Eagle's medium with 2 mM L-glutamine, 1.5 mg/ml glucose, 100 units/ml penicillin, 100 g/ml streptomycin, and 10% heatinactivated fetal bovine serum. Recombinant human PDGF-BB was purchased from Upstate Biotechnology, Inc. (Lake Placid, NY). SU6656 was obtained from SUGEN, Inc. (South San Francisco, CA), and U0126, PD98059, and LY294002 were purchased from EMD Biosciences, Inc. (La Jolla, CA). Radionuclides were purchased from Amersham Biosciences (Piscataway, NJ), and all other molecular biology reagents were purchased from Invitrogen (Carlsbad, CA). Murine Genome U74v2 set and Mouse Expression set 430 GeneChip arrays were purchased from Affymetrix (Santa Clara, CA).
PDGF Stimulation and RNA Isolation-NIH3T3 cells were seeded at 7 ϫ 10 5 cells/10-cm plate and grown at 37°C in 5% CO 2 , 95% O 2 for 24 h. Cells were then quiesced for 40 h in starvation medium (Dulbecco's modified Eagle's medium with 2 mM L-glutamine, 1.5 mg/ml glucose, 100 units/ml penicillin, 100 g/ml streptomycin, 0.5% fetal bovine serum, and 1ϫ insulin/transferrin/selenium (Invitrogen)). After 40 h, quiescent cells were placed in fresh starvation medium for an additional 30 min. Cells were then incubated with SU6656 (2 M), U0126 (10 M), LY294002 (7.5 M), PD98059 (50 M), or Me 2 SO vehicle for 1 h. Then, in the presence of inhibitors or vehicle, cells were stimulated for 1 h with 25 ng/ml PDGF-BB. Total RNA was isolated using either Trizol reagent (Invitrogen) or RNeasy mini kits (Qiagen, Valencia, CA) according to the manufacturers' instructions. The quality of the total RNA was analyzed by measuring the A 260 /A 280 ratio as well as the intensity of 18 S and 28 S rRNA on a 1% agarose gel.
Affymetrix GeneChip Analysis-The Affymetrix protocol followed was essentially as described previously (12) . Briefly, 100 pmol of a T7-(dT) 24 primer was added to 10 g of total RNA. The primer and RNA were denatured at 70°C for 10 min and placed on ice, and cDNA was then synthesized by using SuperScript II RT (Invitrogen) according to the manufacturer's instructions. Reactions were terminated by addition of EDTA to a final concentration of 30 mM, and samples were placed on ice. An equal volume of phenol/chloroform/isoamyl alcohol (25:24:1) was added to each cDNA sample, transferred to Phase Lock gels (Eppendorf Scientific, Westbury, NY), and centrifuged at 16,000 ϫ g for 2 min. The aqueous upper layer was precipitated with 2.5 M ammonium acetate and 2.5ϫ final volume 100% ethanol. Samples were centrifuged, and resulting pellets were washed extensively with 80% ethanol and resuspended in 12 l of diethyl pyrocarbonate-treated water.
The in vitro transcription labeling reactions were done using the ENZO BioArray kit (Affymetrix) to synthesize amplified biotin-labeled cRNA targets. The labeled cRNA was cleaned using RNeasy mini kits, and 15 g was hybridized to Murine Genome U74Av2 or Mouse Expression 430 GeneChip arrays at the Genomics Technology Support Facility at Michigan State University (East Lansing, MI) on a GeneChip Scanner 3000 (Affymetrix). Probe intensity values were extracted from the array image using GCOS software (Affymetrix). All of the Affymetrix GeneChip array expression data have been deposited in the NCBI gene expression and hybridization array data repository (accession number GSE2196).
Data Analysis-Affymetrix gene expression data were normalized to an average intensity of 500 across each array, and the normalized CHP files were entered into xenobase, a relational database with associated analysis software (www.vai.org/vari/xenobase/default.asp). Data from corresponding quiescent NIH3T3 samples were selected as reference to allow calculation of treated/quiescent gene expression ratios. Gene expression ratios were log 2 -transformed prior to analysis so that relative increases and decreases in gene expression were represented on a linear scale. For genes called absent in test and reference samples, no fold change in gene expression was calculated. For hierarchical clustering of gene expression profiles, log 2 -transformed gene expression ratios were loaded into and viewed with xenobase, and average linkage clustering was carried out using correlation coefficients as described (13) .
Semi-quantitative RT-PCR-Unique oligonucleotide primer pairs were designed using Unigene sequence data from the NCBI database, and oligonucleotides were obtained from IDT DNA Technologies (Coralville, IA). Five g of RNeasy mini kit-purified total RNA was reverse-transcribed with SuperScript II RT using oligo(dT) primers (Invitrogen) according to the manufacturer's instructions. Two l of cDNA per reaction were amplified by PCR using gene-specific primers as follows: 94°C (2 min); 19 -24 cycles of 94°C (1 min), 55°C (30 s), and 72°C (1 min). PCRs were performed in duplicate or triplicate, and products were visualized by using 2% agarose gel electrophoresis. Amplification of ␤-actin was used as an internal control.
Ribonuclease Protection Assay (RPA)-Quiescent NIH3T3 cells were stimulated with 25 ng/ml PDGF in the presence of small molecule inhibitors. Total RNA was isolated using the RNeasy mini kit (Qiagen). For each reaction, 25 g of total RNA was mixed with 32 P-labeled riboprobes, which were transcribed from restriction-digested plasmid DNA using the MAXIScript T7 kit from Ambion, Inc. (Austin, TX). RPAs were performed using the RPA III kit from Ambion according to the manufacturer's instructions. Protected fragments were resolved by PAGE using Criterion 5% TBE urea precast gels (Bio-Rad). After PAGE, gels were transferred to filter paper, vacuum-dried, and exposed to x-ray film for 1-6 h. Films were processed in a Kodak film developer and scanned into Adobe Photoshop 7.0 for digital imaging.
Nuclear Run-off Assay-Quiescent NIH3T3 cells were stimulated with 25 ng/ml PDGF for 0 -60 min. Cells were washed twice in phosphate-buffered saline, scraped into ice-cold phosphate-buffered saline, and centrifuged at 1000 rpm at 4°C. The cell pellets were then resuspended in 500 l of ice-cold RSB buffer (10 mM Tris, pH 7.5, 10 mM NaCl, 5 mM MgCl 2 , 1 mM dithiothreitol, and 1% Nonidet P-40). After 5 min of incubation on ice, the cells were disrupted by Dounce homoge-FIG. 1. Reproducibility of Affymetrix GeneChip gene expression data. Quiescent NIH3T3 cells were treated for 1 h with 25 ng/ml PDGF or vehicle in two separate identical experiments. Global patterns of gene expression were identified using Affymetrix Murine Genome U74Av2 GeneChip arrays, and gene expression ratios were log 2 -transformed prior to analysis so that relative increases and decreases in gene expression are represented on a linear scale. A, the log 2 -transformed gene expression ratios from experiment 1 (sample/quiescent fibroblast) were plotted against the log 2 -transformed gene expression ratios from experiment 2 with a correlation coefficient of 0.87. B, the same analysis was done for probe IDs that changed expression levels at least 2-fold in response to PDGF between experiment 1 and 2 with a correlation coefficient of 0.89. nization, and nuclei were isolated by centrifugation for 5 min at 2000 rpm at 4°C. The nuclei were resuspended in 2 ml of ice-cold reaction buffer (20 mM Tris, pH 7.5, 10 mM MgCl 2 , 140 mM KCl, 1 mM dithiothreitol, and 20% glycerol) and pelleted by centrifugation for 5 min at 2000 rpm at 4°C. The nuclei were then resuspended in 200 l of ice-cold reaction buffer containing 5 mM each of ATP, CTP, GTP, and 25 Ci of [␣-32 P]UTP. Following 10 min of incubation at 37°C, the nascent RNA was extracted using Trizol and hybridized to specific DNA probes blotted on Hybond-N membrane (Amersham Biosciences).
To prepare DNA probes, 400 -600-bp DNA fragments from mouse mcp-1, mcp-3, myc, adrenomedullin, fos, and ␤-actin were amplified by PCR using gene-specific primer pairs. Ten g of PCR product were denatured by incubating in 100 mM NaOH at 100°C for 10 min. Denatured DNA samples and nonspecific probes were applied to nitrocellulose membrane using Bio-Dot apparatus (Bio-Rad). The membrane was then airdried and UV cross-linked (1200 J) using a Stratalinker (Stratagene).
Immunoblotting-To detect ERK1/2 and phospho-ERK1/2, NIH3T3 cells were treated as described above and suspended in lysis buffer (20 mM Tris, pH 7.6, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 10 mM NaF, 0.1 mM Na 3 VO 4 , 10 mM Na 4 P 2 O 7 , 10 mM EDTA, and protease inhibitors). Protein bands were resolved by SDS-PAGE and transferred to Hybond-ECL nitrocellulose membranes (Amersham Biosciences). Membranes were blocked in TBST (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.1% Tween 20) containing 5% milk and incubated overnight at 4°C with anti-phospho-ERK1/2 mouse monoclonal antibody (E-4), stripped, and reprobed using anti-ERK1/2 rabbit polyclonal antibody (C-16, Santa Cruz Biotechnology, Santa Cruz, CA). Bound antibodies were detected using horseradish peroxidase-linked secondary antibodies (Sigma) and detected using SuperSignal West Pico chemiluminescent substrate (Pierce).
RESULTS

Patterns of Gene Expression in NIH3T3 Fibroblasts
Are Experimentally Reproducible-To identify global patterns of PDGF-induced immediate early gene expression in NIH3T3 cells, quiescent cells were treated for 1 h with 25 ng/ml PDGF-BB or with vehicle. Two separate but identical experiments were performed, and the total RNA from each was hybridized to Affymetrix Murine Genome (MG) U74Av2 GeneChip arrays as described under "Experimental Procedures." Because only low passage (less than 10 passages) NIH3T3 cells were used in these studies, and because identical conditions were used in each experiment, a high degree of data reproducibility between experiments was expected.
To eliminate low intensity noise, we analyzed gene expression data from both experiments using the following filters: gene expression values were present in all samples, and sample intensity values were greater than 150 units and differed by more than 350 intensity units from quiescent NIH3T3 reference. For experiment 1, this filtering resulted in the identification of 538 sample probe IDs that differed from the reference.
FIG. 2.
Unsupervised hierarchical clustering of Affymetrix GeneChip gene expression data. Quiescent NIH3T3 cells were treated for 1 h with 25 ng/ml PDGF or vehicle in the presence of 2 M SU6656, 10 M U0126, 7.5 M LY294002, or vehicle. Global patterns of gene expression were identified using Affymetrix Murine Genome U74Av2 GeneChip arrays, and gene expression ratios were log 2 -transformed prior to analysis so that relative increases and decreases in gene expression are represented on a linear scale. These data were subjected to unsupervised hierarchical clustering so that changes in gene expression across samples could be readily observed. Red and green boxes indicate relative high and low expression, respectively, for the given probe ID.
The log 2 -transformed gene expression ratios from experiment 1 were plotted against the log 2 -transformed gene expression ratios from experiment 2. The resulting correlation coefficient of 0.87 demonstrated a high level of experimental reproducibility between experiments (Fig. 1A ). This set of probe IDs was further filtered to include only probe IDs that changed expression levels at least 2-fold in response to PDGF treatment. Again, the log 2 -transformed gene expression ratios from experiment 1 were plotted against the log 2 -transformed gene expression ratios from experiment 2. In this case, the correlation coefficient of 0.89 further demonstrated a low level of variability in gene expression data between experiments (Fig. 1B) .
PDGF Drives Pathway-specific Gene Expression-To determine the contribution of various signaling pathways to PDGFinduced immediate early gene expression, we analyzed global patterns of PDGF-induced gene expression in the presence of various small molecule inhibitors. Because we were most interested in the contribution of SFKs in PDGF-induced gene expression, we used the drug SU6656 to block SFK activity (9) . To isolate the contribution of SFKs specifically, PDGF-induced gene expression was also analyzed in the presence of the MEK1/2 inhibitors U0126 or PD98059, or in the presence of the PI3K inhibitor LY294002. The concentrations of inhibitors were selected based on the minimum concentrations of each drug required to completely block PDGF-induced bromodeoxyuridine incorporation in NIH3T3 cells (data not shown).
To demonstrate that inhibitor treatment alone has little effect on overall gene expression levels, quiescent NIH3T3 cells were treated for 1 h with 25 ng/ml PDGF or vehicle in the presence of 2 M SU6656, 10 M U0126, 7.5 M LY294002, or vehicle. Total RNA was hybridized to Affymetrix Mouse Expression (MOE) 430A GeneChip arrays as described under "Experimental Procedures." We analyzed gene expression data by using the following filters: gene expression values were present in all samples; sample intensity values were greater than 50 units and differed by more than 100 intensity units from reference values, and sample values varied at least 3-fold with respect to quiescent NIH3T3 reference. This filtering resulted in the inclusion of 29 different probe IDs. Some genes were represented by multiple probe IDs (e.g. Tis 11b, Krupplelike factor 4, etc.), which provides additional confirmation of their expression patterns. These 29 probe IDs were subjected to unsupervised hierarchical clustering so that changes in gene expression across samples could be readily observed. The clus-
TABLE I The expression of a subset of PDGF-inducible genes is inhibited by the SFK-specific inhibitor SU6656
Quiescent NIH3T3 cells were treated for 1 h with 25 ng/ml PDGF or vehicle in the presence of 2 M SU6656 or vehicle. Global patterns of gene expression were identified using Affymetrix Murine Genome U74Av2 GeneChip arrays. Gene expression data were normalized to an average intensity of 500 across each array, and the normalized CHP files were entered into xenobase, a relational database with associated analysis software. Gene expression ratios were log 2 -transformed prior to analysis so that relative increases and decreases in gene expression are represented on a linear scale. Gene expression data were analyzed using the following filters: expression values were present in all samples; values differed by more than 100 intensity units from reference; values were equal to or greater than 50 units, and values were increased at least 2-fold in response to PDGF. This filtering resulted in the inclusion of 127 probe IDs that were induced at least 2-fold by PDGF, and of these 36 were induced less than 1.5-fold in response to PDGF plus 2 M SU6656. The list of these SU6656-responsive probe IDs is shown, as is the percentage of SU6656-mediated inhibition. ter diagram of these data, which were not mean-centered, indicates relative high and low expression for the given probe ID as shown in Fig. 2 by red and green boxes, respectively. These data demonstrate that each inhibitor alone has little effect on basal levels of gene expression and that PDGF treatment induces the expression of a set of genes, which are differentially affected by inhibitors. Note that whereas LY294002 alone appears to significantly alter expression of a few probe IDs in clustering raw data, in fact when clustering meancentered data, these differences are less significant. SFK-dependent Genes-To identify a set of PDGF-induced immediate early genes that required SFK activity for expression, quiescent NIH3T3 cells were treated for 1 h with 25 ng/ml PDGF or vehicle in the presence of 2 M SU6656 or vehicle. Global patterns of gene expression were analyzed using Affymetrix MG U74Av2 GeneChip arrays using the following filters: values were present in all samples; sample intensity values were equal to or greater than 50 units and differed by more than 100 units from reference, and sample values were increased at least 2-fold in response to PDGF. This filtering resulted in the inclusion of 127 probe IDs that were induced at least 2-fold by PDGF, and of these 36 were induced less than 1.5-fold in response to PDGF plus 2 M SU6656 (Table I) .
We performed semi-quantitative RT-PCR as well as RPA analysis to validate these gene expression data. By using equivalent amounts of cDNA for each reaction, gene-specific primer pairs were used to amplify small segments of the genes of interest by PCR as described under "Experimental Procedures." Six genes were selected for RT-PCR analysis because the array analysis suggested their expression was induced by PDGF and inhibited by SU6656 (Table I) . Reactions were performed in triplicate, and ␤-actin was used as a control for relative amounts of template. These data demonstrate that A, by using equivalent amounts of cDNA for each reaction, gene-specific primer pairs were used to amplify small segments of genes by PCR. Reactions were performed in triplicate, and ␤-actin was used as a control for relative amounts of template cDNA. B, ribonuclease protection assays were performed using gene-specific probes. Reactions were performed in duplicate, and ␤-actin was used as a control for relative amounts of total RNA.
TABLE II
The expression of discrete sets of PDGF-responsive genes is specifically inhibited by the SFK inhibitor SU6656, by the MEK inhibitor U0126, and by the PI3K inhibitor LY294002 Quiescent NIH3T3 cells were treated for 1 h with 25 ng/ml PDGF or vehicle in the presence of 2 M SU6656, 10 M U0126, 7.5 M LY294002, or vehicle. Global patterns of gene expression were identified using Affymetrix MOE 430A GeneChip arrays (for details see Table I ). Gene expression data were analyzed using the following filters: values were present in all samples; values differed by more than 100 intensity units from reference; values were increased at least 2-fold in response to PDGF, and values were decreased at least 50% in response to only one of three inhibitors. This filtering resulted in the inclusion of 174 probe IDs that were induced at least 2-fold by PDGF, and of these 6 were specifically inhibited at least 50% by 2 M SU6656, 11 were specifically inhibited at least 50% by 10 M U0126, and 2 were specifically inhibited at least 50% by 7.5 M LY294002. The list of these probe IDs is shown. (Fig. 3A) . We then selected three of these six genes and analyzed expression levels further by using quantitative RPA. These data confirm that mRNA expression levels of MCP-1, MCP-3, and adrenomedullin were significantly increased in response to PDGF and were potently inhibited by SU6656 (Fig. 3B) . The apparent small PDGFinduced increase in the expression of ␤-actin is likely because of the simultaneous use of four different riboprobes in this experiment, and we generally do not see very significant increases in ␤-actin expression in response to PDGF treatment (see Fig.  5B ). These data confirm the gene expression data shown in Table I and validate the identity of a set of genes induced by PDGF through SFK activity. We identified a set of PDGF-inducible genes that signal through SFKs. However, SFKs are known to also participate in signaling through other pathways, notably the Ras-MAPK pathways and the PI3K pathways (2). To determine which genes were specifically dependent on SFK activity for increased expression in response to PDGF, quiescent NIH3T3 cells were treated with 25 ng/ml PDGF or vehicle for 1 h in the presence of 2 M SU6656, 10 M U0126, 7.5 M LY294002, or vehicle. For these analyses, gene expression was evaluated by using a newer version of the Affymetrix GeneChip arrays (MOE 430A) as described under "Experimental Procedures." Expression data were analyzed using the following filters: values were present in all samples; sample intensity values were greater than 50 units and differed by more than 100 intensity units from reference; sample values genes were increased at least 2-fold in response to PDGF treatment, and genes were inhibited at least 50% by one of the three inhibitors. This filtering resulted in the inclusion of 174 probe IDs that were induced at least 2-fold by PDGF, and of these 6 were only inhibited at least 50% by 2 M SU6656, 11 were only inhibited at least 50% by 10 M U0126, and 2 were only inhibited at least 50% by 7.5 M LY294002 (Table II) . All of the 23 probe IDs that passed the above filtering criteria were subjected to unsupervised hierarchical clustering so that changes in gene expression across samples could be readily observed. The cluster diagram of these mean-centered data indicates relative high and low expression for the given probe ID as shown in Fig. 4 by red and green boxes, respectively. These data demonstrate that each inhibitor alone has little effect on basal levels of gene expression and that PDGF treatment induces the expression of a set of genes, which are differentially affected by inhibitors.
We used semi-quantitative RT-PCR and RPA to validate these gene expression data as described above. RT-PCRs were performed in triplicate, and ␤-actin was used as a control for relative amounts of template cDNA. Expression levels of four putative SFK-specific genes (mcp-1, fos, ccr-4, and adrenomedullin) were greatly reduced by SU6656 but only slightly affected by U0126 or LY294002 (Fig. 5A) . In contrast, expression levels of four putative MEK-specific genes (hsp40, fra-1, epiregulin, and egr-2) were greatly reduced by U0126 but only slightly by SU6656 or LY294002 (Fig. 5A) . These results were further confirmed by using quantitative RPA analysis. Specifically, mRNA levels of MCP-1 and adrenomedullin were enhanced in response to PDGF treatment, but levels were reduced by treatment with 2 M SU6656 (Fig. 5B) . FosB and Fra-1 mRNA levels were also increased by PDGF treatment, but in this case expression was specifically inhibited by 10 M U0126 (Fig. 5B) .
Several of the PDGF-inducible genes that we had previously identified as being selectively responsive to SU6656 when us- Global patterns of gene expression were identified by using Affymetrix Mouse Expression 430A GeneChip arrays, and gene expression ratios were log 2 -transformed prior to analysis so that relative increases and decreases in gene expression are represented on a linear scale. Expression data were filtered to include only those probe IDs whose expression was induced at least 2-fold in response to PDGF, with respect to quiescent NIH3T3 reference, and was reduced at least 2-fold in response to inhibitor. These data were subjected to mean-centered unsupervised hierarchical clustering so that relative changes in gene expression across samples could be readily observed. Red and green boxes indicate relative high and low expression, respectively, for the given probe ID. Probe IDs responsive to 2 M SU6656 are labeled in blue; probe IDs responsive to 10 M U0126 are labeled in red, and probe IDs responsive to 7.5 M LY294002 are labeled in brown.
ing the MG U74Av2 chip (Table I and Fig. 3 ) failed to pass the stringent filtering criteria used when analyzing expression data using the MOE 430A chip (data not shown). We therefore directly tested the effects of the other kinase inhibitors on two of the genes that we had previously identified, mcp-3 and tis 11b, using RT-PCR, as well as RPA in the case of MCP-3. Expression levels of both genes were induced in response to PDGF, inhibited significantly by SU6656, and only slightly inhibited by U0126 or LY294002 (Fig. 5, A and B) . In sum, these results suggest that PDGF regulates immediate early gene expression by signaling through a discrete SFK pathway, which is at least somewhat distinct from the Ras-MAPK and PI3K pathways.
MEK-dependent Genes-Our data demonstrate that PDGFinduced expression of some genes was dependent on MEK activity. To confirm that the small molecule inhibitors in our model system are regulating gene expression through specific inhibition of the intended signaling proteins, we compared the effects of two different MEK1/2 inhibitors on PDGF-stimulated gene expression. Quiescent NIH3T3 cells were treated with 25 ng/ml PDGF or vehicle for 1 h in the presence of 10 M U0126, 50 M PD98059, or vehicle. Global patterns of gene expression were analyzed by using Affymetrix MG U74Av2 GeneChip arrays. Expression data were analyzed by using the following filters: values were present in all samples; sample intensity values were greater than 50 units and differed by more than 100 intensity units from reference; and sample values were increased at least 2-fold in response to PDGF, and increased no more than 1.5-fold by one or by both of the inhibitors. This filtering resulted in the inclusion of 189 probe IDs that were induced at least 2-fold by PDGF, and of these 19 were induced no more than 1.5-fold in the presence of 10 M U0126 or 50 M PD98059, 11 were induced no more than 1.5-fold in the presence of 10 M U0126 alone, and 14 were induced no more than 1.5-fold in the presence of 50 M PD98059 alone (Table III) . Generally, the same genes were inhibited by both MEK1/2 inhibitors, even though in some cases the level of inhibition failed to rise above the filtering criteria (data not shown). However, there were notable exceptions. For example, the expression data suggested that Fra-1 was PDGF-inducible and responsive to both U0126 and PD98059 but that Btg-2 was PDGF-inducible and responsive to U0126 but not PD98059 (Table III) .
RT-PCR was used to validate these gene expression data. RT-PCRs were performed in duplicate, and ␤-actin was used as a control for relative amounts of template cDNA. PDGF-induced expression levels of Fra-1 were potently inhibited by 10 M U0126 as well as by 50 M PD98059, but the PDGF-induced expression of Btg-2 was inhibited only by 10 M U0126 (Fig.  6A ). To confirm that both inhibitors were blocking MEK1/2 activity in our model system at the concentrations used, quiescent NIH3T3 cells were treated with increasing durations of 25 ng/ml PDGF as indicated in the presence of 10 M U0126, 50 M PD98059, or vehicle. MEK1/2 activity was assayed by immunoblotting for activated (tyrosine-phosphorylated) ERK1/2. PDGF rapidly induced ERK2 phosphorylation (within 5 min), and this phosphorylation was completely blocked by either 10 M U0126 or 50 M PD98059 (Fig. 6B ). In addition, 2 M SU6656 had no effect on PDGF-stimulated ERK1/2 phosphorylation (Fig. 6B) . These results suggest that most PDGFinduced and putative MEK1/2-specific genes are sensitive to two different MEK1/2 inhibitors but with some notable exceptions. This might reflect the fact that the inhibitors we used are not totally selective for MEK1/2 and also inhibit other kinases. For example, 10 M U0126 also potently inhibits MEK5 (and phosphorylation of its substrate, ERK5) in EGF-and hepatocyte growth factor-treated renal epithelial cells and HeLa cells (14, 15) . In contrast, PD98059 only effectively inhibits MEK5 activation in EGF-treated cells at concentrations higher than those reported here (14, 15) . Similarly, PD98059 may also bind and inhibit specific target molecules. For example, PD98059 has been reported to inhibit cyclooxygenases I and II, even though U0126 failed to inhibit these enzymes even at concentrations that completely block MAPK activation (16, 17) .
PDGF Enhances the mRNA Stability, but Not the Transcription, of SFK-specific Genes-myc, which was identified as a PDGF-inducible and SFK-specific gene in the current screen (Table I) , has been an ongoing gene of interest in our laboratory (4, 9, 10) . It has been shown previously (18) that serum growth factors regulate expression of the myc gene primarily at the level of mRNA stability, rather than at the level of gene transcription. To test whether PDGF also promotes myc mRNA increases through stabilization, and whether other PDGF-inducible and SFK-specific genes are similarly regulated, we used nuclear run-off assays to measure the rates of transcription for a subset of PDGF-inducible and SFK-specific genes. The rate of transcription of the myc gene was detectable in quiescent NIH3T3 cells, and it did not change in response to PDGF over a period of 0 -60 min (Fig. 7A) . As a control, we collected the material comprising the cytosolic fraction of the cell lysate from these run-off assays (containing total RNA) and used RPA to A, by using equivalent amounts of cDNA for each reaction, gene-specific primer pairs were used to amplify small segments of genes by PCR. Reactions were performed in triplicate, and ␤-actin was used as a control for relative amounts of template cDNA. B, ribonuclease protection assays were performed using genespecific probes. Reactions were performed in duplicate, and ␤-actin was used as a control for relative amounts of total RNA. The data presented are derived from two separate assays, each of which had internal positive and negative controls.
confirm that myc mRNA was indeed increased in response to PDGF treatment (Fig. 7B) . These data confirm the stabilization of myc mRNA in response to growth factors and further suggest SFKs may be involved in regulating mRNA stability.
Providing further evidence for this mechanism, transcription of both mcp-1 and mcp-3 genes was also high in quiescent NIH3T3 cells and was unaffected by PDGF treatment (Fig. 7A) , even though we demonstrated that these genes were induced in 
expression of a subset of PDGF-inducible genes is responsive to the MEK inhibitors U0126 and PD98059
Quiescent NIH3T3 cells were treated for 1 h with 25 ng/ml PDGF or vehicle in the presence of 10 M U0126, 50 M PD98059, or vehicle. Global patterns of gene expression were identified using Affymetrix MOE 430A GeneChip arrays (for details see Table I ). Gene expression data were analyzed using the following filters: values were greater than 50 units; values differed by more than 50 intensity units from reference; values were increased at least 2-fold in response to PDGF, and values were increased no more than 1.5-fold by PDGF in the presence of inhibitor. This filtering resulted in the inclusion of 150 probe IDs that were induced at least 2-fold by PDGF, and of these 11 were induced less than 1.5-fold by PDGF in the presence of 10 M U0126, 14 were induced less than 1.5-fold by PDGF in the presence of 50 M PD98059, and 19 were induced less than 1.5-fold by PDGF in the presence of either 10 M U0126 or 50 M PD98059. The list of these probe IDs is shown. response to PDGF specifically through SFKs (Table II and Figs. 3 and 5). The transcription of adrenomedullin, another PDGFinducible and SFK-specific gene, was also only slightly responsive to PDGF (Fig. 7A) . Finally, as a control for the run-off assay, we determined rates of fos transcription in response to PDGF. Previous data have shown that it is primarily fos transcription that is induced in response to growth factor stimulation (18), and we confirmed that fos transcription was highly induced by PDGF treatment in our model system (Fig. 7A) . In sum, these data suggest that in response to growth factor the role of SFKs is to signal stabilization of target mRNAs.
DISCUSSION
Our laboratory has recently focused on one particular output of SFK activity, the growth factor-stimulated production of Myc, a transcription factor required for efficient cell cycle transit. Previous work demonstrated that the block to PDGF-stimulated DNA synthesis caused by dominant negative SFKs could be overcome by expression of Myc (10). Another transcription factor, Fos, was unable to rescue this block. Furthermore, Myc could not overcome the block caused by dominant negative Ras. Together, these data suggested that SFKs initiate a signal transduction pathway, distinct from the classical Ras-MAPK pathway, which culminates in Myc production. The subsequent characterization and use of SU6656, an SFK inhibitor, confirmed that myc mRNA was in large part under SFK control (9) .
In fibroblasts, early reports suggested that PDGF increased levels of myc mRNA by increasing the rate of myc transcription (19, 20) . However, others have shown that the basal transcription rate of myc in quiescent fibroblasts is high, and it is unchanged by stimulation with serum or thrombin (21) (22) (23) (24) . This suggests that it is primarily the stability of myc mRNA that is affected by mitogens. Our data confirm that it is this mRNA stability mechanism that operates in NIH3T3 cells in response to PDGF stimulation. Our data also identify other short lived SFK-specific RNAs (MCP-1, MCP-3, and adrenomedullin) that are regulated primarily by enhanced mRNA stability. In the case of MCP-1, PDGF has been reported to increase mcp-1 mRNA stability/levels in vascular smooth muscle cells (25) , although increases in mcp-1 transcription in response to PDGF have also been detected in these cells (26) . There are also data to suggest that MCP-3 and adrenomedullin expression are also regulated by mRNA stabilization, but what roles PDGF or SFKs might play in those processes is unclear (27, 28) .
The control of the stability of short lived mRNAs is under intense scrutiny, but how mitogenic signals impact this control is not yet fully understood. Previous work has demonstrated how the half-life of myc mRNA is regulated. Two regions, one in the 3Ј-untranslated region (UTR) and one in the coding region (CR), are involved (29, 30) . The CR instability determinant (CRD) in the myc CR targets myc mRNA for endonuclease attack during translational pausing (31) . A CRD-binding protein has been identified, which shields this region. CRD-binding protein is a member of the family of KH domain-containing RNA-binding proteins (32, 33) . It is highly expressed in fetal tissues and in some cancer cell lines, and its expression may in part explain high levels of Myc protein in these cases (34) . However, CRD-binding protein has not been detected in normal adult cells, including fibroblasts. The 3Ј-UTR of the myc gene contains AU-rich elements (AUREs) that are frequently found in unstable mRNAs (35) . Several AURE-binding proteins have been described. Some (such as HuR) stabilize and some (such as AUF1 and tristetraprolin) destabilize transcripts (30) . However, little is known regarding the influence of signaling pathways on myc AURE-binding proteins. Most interestingly, one of the SFK-specific PDGF-inducible genes we identified, Tis 11b, is related to tristetraprolin and has recently been shown to destabilize vascular endothelial growth factor mRNA in re- FIG. 6 . RT-PCR and Western blot analysis validates genes likely to be PDGF-inducible and responsive to MEK inhibitors U0126 and PD98059. A, quiescent NIH3T3 cells were treated for 1 h with 25 ng/ml PDGF or vehicle in the presence of 10 M U0126, 50 M PD98059, or vehicle. By using equivalent amounts of cDNA for each reaction, genespecific primer pairs were used to amplify small segments of genes by PCR. Reactions were performed in duplicate, and ␤-actin was used as a control for relative amounts of template cDNA. B, quiescent NIH3T3 cells were stimulated for 0 -60 min with 25 ng/ml PDGF in the presence or absence of 2 M SU6656, 10 M U0126, 50 M PD98059, or vehicle as indicated. Levels of phospho-ERK1/2 and total ERK1/2 protein were measured using SDS-PAGE and immunoblotting.
FIG. 7. RPA and nuclear run-off analyses of SFK-specific genes. Quiescent NIH3T3 cells were treated with 25 ng/ml PDGF for increasing amounts of time as indicated. A, nuclei were isolated and levels of mcp-1, mcp-3, myc, adrenomedullin, fos, and ␤-actin gene transcription were analyzed using nuclear run-off assays. Data are taken from three separate run-off assays, each of which had internal positive and negative controls. B, cytoplasmic fractions of cell lysates were obtained, total RNA was isolated for each time point, and levels of myc and ␤-actin mRNAs were determined by RPA.
sponse to adrenocorticotropic hormone (36) . Thus, it is possible that Tis 11b might also play a role in SFK-mediated mRNA stability of myc or of other SFK-dependent genes. Furthermore, the instability determinant need not be restricted to the 3Ј-UTR. mcp-1 mRNA, for example, contains a region within its 5Ј-UTR that appears to destabilize the mRNA in response to PDGF plus dexamethasone (37) .
A recent report suggested that PDGF signals immediate early gene expression with little or no specificity with regard to signaling pathways. In this study, NIH3T3 cells were transfected with wild-type PDGF-R or with a number of receptor mutants that contained amino acid substitutions at sites that mediate interaction with various signaling effectors, including the Ras/MAPK and PI3K pathways. These investigators found that, in response to PDGF-R activation, wild-type and mutant receptors promoted the expression of an identical set of 64 immediate early genes in fibroblasts (11) . However, our data demonstrate that PDGF stimulation of SFK and MEK pathways each caused the increased expression of a specific set of immediate early genes. In particular, we isolated a set of genes that were induced by PDGF through SFK activity but not MEK1/2 or PI3K. Furthermore, a recent report (38) described the PDGF-stimulated increase in expression of specific sets of genes in fibroblasts, including genes required for fatty acid and cholesterol biosynthesis, in a PI3K-dependent manner. Finally, a recent report (39) identified specific sets of genes that were induced in response to PDGF through either MEK or PI3K activity. What is the reason for the apparent discrepancy in these observations? The differences most likely arise from the differing methodologies employed. Fambrough et al. (11) mutated known PDGF-R effector-binding sites and then measured the effect that each mutant had on signaling gene expression in response to receptor activation. Although this approach can unambiguously determine whether stable association of signaling intermediates with the PDGF-R is required, it does not preclude the possibility that these proteins participate in PDGF signaling without association. We used pharmacological inhibitors of SFKs and other kinases, thus ensuring that all enzyme activity was blocked. It is also possible that receptor number and/or the concentration of PDGF used in these studies has a significant impact on the gene expression profiles detected. In our studies, we used 25 ng/ml PDGF (a submaximal but physiological dose) and unengineered cells, whereas Fambrough et al. (11) used cells engineered to express receptor mutants and saturating levels of growth factor.
Our data are in agreement with several other reports identifying serum-and PDGF-inducible genes (38 -41) . In particular, many of the PDGF-inducible genes we identified (e.g. junB, tis 11b, fra-1, mcp-1, myc, etc.) were also described in a recent report (38) analyzing gene expression in fibroblasts induced by 1-24 h of PDGF treatment. Many of the PI3K-dependent genes these investigators identified were induced only after 24 h of growth factor stimulation. Because we measured gene expression after just 1 h of PDGF treatment, this might explain how we failed to detect PDGF-inducible, PI3K-dependent genes.
A recent report (42) used Affymetrix GeneChip analysis to identify a set of genes that are induced in Src-transformed cells. Many of the Src-transformed genes identified were also up-regulated in colon tumors. Generally, only a few of the genes we identified are represented in this "Src transformation fingerprint" (data not shown). We have also analyzed gene expression patterns in fibroblasts transformed with an activated form of Src (Src Y527F ), and we compared this pattern of expression with PDGF-inducible genes generally and SFK-dependent genes specifically. We also detected very little overlap in the patterns of gene expression. Only a few of the PDGF-inducible and SFK-dependent genes we identified in the current study were overexpressed in Src-transformed fibroblasts, and the pattern of gene expression in Src-transformed cells was very different from PDGF-induced gene expression. 2 These data suggest that transformation drives a different set of genes than growth factor stimulation. This is possibly because many genes may be induced secondarily in response to Src transformation and not primarily because of SFK activity per se.
In summary, microarray analysis has revealed a distinct set of mRNAs whose increased expression in response to PDGF is dependent upon SFKs. Most interestingly, many of these genes are regulated at the level of mRNA stabilization. One of these genes is myc, whose product is a transcription factor required for mitogenesis. We have preliminary evidence 3 that PDGF stimulation of quiescent fibroblasts causes an SFK-dependent change in the composition of proteins binding to the AURE in the 3Ј-UTR of the myc gene. It will be important in the future to determine how SFKs regulate AURE-binding proteins.
